One sentence summary: In this study, we characterized new phages and evaluated its cocktail to be used for the treatment of multidrug-resistant bacteria and results concludes that it can be used as an alternative to antibiotics in the future avoiding systemic side effects and mistreating beneficial normal flora in the body. Editor: Richard Calendar
INTRODUCTION
Infectious diseases are a major cause of mortality all over the world. Also, the emergence of multidrug-resistant (MDR) pathogens is considered a major challenge. Several infectious agents are of food origin such as that caused by enterohemorrhagic Escherichia coli (EHEC), which is a type of Shiga toxinproducing E. coli strains (STEC). Escherichia coli O157: H7 (a serotype of EHEC) can cause enteric diseases that ranged in severity from mild diarrhea to sever illness such as hemolytic uremic syndrome and kidney failure. Escherichia coli O157: H7 is one of the most important causes of food-poisoning outbreaks worldwide that may be due to their ability to withstand different environmental conditions and its ability to transmit by various foods, water and direct contact with animals or animal manure or with infected persons (Gyles 2007) . Escherichia coli O104: H4 is an enteroaggregative strain causing acute and persistent diarrhea. In 2011, an enteroaggregative strain of serotype O104: H4 carrying a prophage encoding the Shiga toxin (Stx) (characteristic for EHEC strains) was emerged in Germany followed by France. It was found that the infective dose of EHEC is very low (10 1 to 10 2 CFU). So, there is a need for special measures to decrease its load from the surrounding environment including animals and vegetables. EHEC can contaminate meat, milk from cow's udder, apple juice and spinach leaves during processing (Wu, Hsueh and Ko 2011) . Many natural agents were developed to prevent foodborne pathogen contamination such as lactoferrin, organic acids, bacteriocins and bacteriophages. Bacteriophages are bacterial viruses that can infect bacteria either replicating to release new progeny and lyse the bacterial cell in what is known by lytic cycle or inserting its DNA into the bacterial genome in what is known by lysogeny (Doffkay et al. 2015) . The ability of bacteriophage to lyse bacteria is the basis of phage therapy that may be the best way to face the problem of MDR bacteria. In 2006, US FDA approved the use of bacteriophage as a novel food preservative that can be used as bacterial biocontrol agents for fresh vegetables and meat products. Using phage as an antimicrobial for biocontrol has many advantages including the fast, cheap and the ease of propagation at the infection site, having host cell specificity without affecting normal flora, minimum side effects, ability to be administered by different routes and rare allergic reactions. The easy availability and low cost of the phage cocktails make it more preferable over searching for new antibiotics (Villa and Veiga-Crespo 2010) . Although phage therapy has many advantages, its application as antimicrobials still faces some challenges and problems. Having too narrow host range as the serotype specificity might reduce its effectiveness, purification of pathogen-free phages suitable for treatment, potential immunogenicity in human body and control of pharmacokinetics when administered against encapsulated bacteria or biofilms are the major problems (Hermoso, Garcia and Garcia 2007) . In this work, the antibacterial activity of bacteriophage cocktail isolated from sewage water of an Egyptian environment (Abokorkas waste water treatment plant in Minia governorate) was tested against six MDR E. coli strains recovered from stool samples and some pathogens.
MATERIALS AND METHODS

Sample inoculation
A total of 20 stool samples were collected from patients suffering from gastrointestinal tract infections attending Minia General Hospital in Egypt. Three grams of each fecal sample was mixed with normal saline and centrifuged, and the supernatant was removed. Then, the deposit was used to inoculate 5 mL of buffered peptone water (Oxoid).
Selective enrichment and isolation of E. coli isolates
Aliquots of 100 μL of the previous suspension were spreadplated on sorbitol MacConkey agar supplemented with 0.05 mg/mL cefexime and 2.5 mg/mL tellurite (CT-SMAC; Oxoid, UK), followed by an overnight incubation at 37
• C.
Colonies were checked for their ability to ferment sorbitol or lactose fermentation (pink colonies). Colorless colonies indicate the presence of STEC O157: H7 and pink colonies indicate non-O157 STEC.
Agglutination tests
Individual isolated colonies of sorbitol and non-sorbitolfermenting colonies on the CT-SMAC medium were tested for the presence of the O157, H7, O104 and H4 antigens by agglutination with E. coli antisera latex reagent for in vitro diagnostic use (Statens Serum Institut Diagnostica, Denmark).
Identification of suspected E. coli 157 and E. coli O104 isolates by PCR analysis
DNA extraction
Isolation of bacterial DNA was performed using DNA extraction kits (Qiagen, USA). PCR primers and testing conditions. To confirm the presence of E. coli O157, PCR amplification for the rfbE gene was carried out using O157A F (AAG ATT GCG CTG AAG CCT TTG) and O157AR (CAT TGG CAT CGT GTG GAC AG) primers (Laboratories Midland Certified Reagent Company Inc., Midland, TX, USA). PCR reactions was done in 25-μL reaction volumes containing 1:10 dilution of 10 X PCR buffer (Bioline, USA), 2.2 mmol −1 MgCl 2 , 280 nmol −1 dNTPs, 1 μL of each 10 μmol −1 primer, 0.2 μL Platinum Taq (5 U μL −1 ) (Thermo Fisher Scientific, USA) and 1 μL of chromosomal DNA. PCR cycling parameters were as follows: an initial denaturation step for 2 min at 95
• C, 30 cycles of denaturation at 94
• C for 30s, annealing for 15 s at 58
• C and extension for 1 min at 68
• C followed by a final extension step for 10 min at 68
• C. Then, PCR products were analyzed using 2% agarose gel stained with ethidium bromide. DNA bands were visualized by UV transilluminator using a gel documentation system and software (Gel Doc 2000; Bio-Rad, USA) (Desmarchelier et al. 1998; AlAjmi et al. 2006) . To confirm the presence of EHEC O104 strain, PCR amplification for wzxO104 gene fragments was done in 25 μL reaction volumes using O104F (TGTCGCGCAAAGAATTTCAAC) and O104R (AAAATCCTTTAAACTATACGCCC) primers (Laboratories Midland Certified Reagent Company Inc.). Each PCR reaction mixture contained 12.5 μL master mix (Promega), 8.5 μL of nuclease-free water, 1.5 μL of loading buffer, a 0.5 μL oligonucleotide of both primers and finally, 2 μL of DNA template. PCR cycling was performed using the following conditions: initial denaturation step for 3 min at 95
• C. Forty cycles of denaturation at 95
• C for 30 s were done for the reaction mixture followed by annealing step at 64
• C for 1 min, extension at 72
• C for 1.5 min and a final extension at 72
• C for 5 min. PCR products were analyzed using 1.0% agarose gel electrophoresis containing ethidium bromide at 8 V/cm. Then, the reaction product was visualized under Gel doc/UV transilluminator (Bugarel et al. 2010; Magray et al. 2011; Ateba and Marumo 2014) Antimicrobial susceptibility testing 
Bacteriophage isolation and propagation
Water samples (100 mL) obtained from Sewage channels of Abokorkas waste water treatment plant (Minia, Egypt) were filtered through 0.45-μm pore size polycarbonate membranes (Millipore, Bedford, MA, USA). The filtrate was added to a fresh bacterial culture of E. coli O104: H4 in TSB and incubated at 37
• C for 5 h at 100 rpm, then centrifuged (10 000 × g, 10 min) (ThermoHeraeus Pico, Hanau, Germany) and filtered through a 0.2-μm membrane (Millipore). Phage isolation was done by the double-layer method using Tryptic Soy Agar (TSA; Difco). The plates were incubated at 37
• C and examined for the presence of plaques after 12 h. Two more successive single-plaque isolations were performed to obtain a pure phage stock. All lysates were filtersterilized. The plaque diameter was determined in double-layer cultures. Phage stocks were stored at 4
• C with 1% chloroform (Harley 2002; Park et al. 2012) .
Transmission electron microscopy
Purified phages were dropped onto a carbon-coated copper grid for the adsorption of the phages. After 3 min, the phage-loaded grid was left to dry on a filter paper, then negatively stained by using 4% phosphotungestic acid or 2% uranyl acetate for 2 min, and left to dry for 15 min and finally examined by energyfiltering transmission electron microscopy (EF-TEM; JEM1010, JEOL, Tokyo, Japan) (Electron Microscope Unit, Assuit University). Phages were classified morphologically according to the guidelines of the International Committee on Taxonomy of Viruses (ICTV).
Host range test
The host range of the phage lysate was done by spot tests against E. coli O157: H7 (two isolates); E. coli O104: H4 (two isolates) and non-typeable E. coli (two isolates); S. aureus ATCC6538 and Pseudomonas aeruginosa ATCC 10145 and Proteus mirabilis on TSA. For each bacteria, 10 μL of high titer phage stock (10 10 PFU/mL) was spotted on the surface of a plate cultured by the tested strain. Each test was done in duplicate (Golkar, Bagsra and Jamil 2013; Lee et al. 2016) .
RESULTS
E. coli isolation and identification
Six E. coli isolates were recovered from stool samples collected from patients suffering from diarrhea. Two isolates were nonsorbitol fermenters showing colorless colonies. Four isolates were sorbitol fermenters (pink colonies). The six isolates were tested for STEC O157 E. coli and STEC O104 E. coli.
Serological identification and PCR confirmation
Using E. coli anti-sera for in vitro diagnostic use, two E. coli isolates were serologically identified as E. coli O157: H7 and two E. coli isolates were serologically identified as E. coli O104: H4. The other two strains showed no reaction with the tested antisera. These serotypes were confirmed by PCR, the product size of 497 bp confirmed the detection of rfbE gene which is characteristic for STEC E. coli O157: H7 (Fig. 1 ) and the product size of 337 bp confirmed the presence of wzx O104 gene which is characteristic for STEC E. coli O104: H4 (Fig. 2) . 
Antimicrobial susceptibility testing
Isolation of bacteriophage from sewage water
Escherichia coli strains were used as potential hosts for phage isolation. Lysis was observed with E. coli 10 O104: H4 isolates showing two types of plaques of different sizes indicating the presence of two phages in our sample. The isolated phages form plaques of 1 and 3 mm in diameter (Fig. 3) .
Morphology
To classify the isolated bacteriophages during this study into morphotype specific groups, phage particles were examined under TEM using negative staining as shown in Fig. 4 . Bacteriophages in images (a) and (b) showed an icosahedral head and a short tail typical of the family Podoviridae, while bacteriophages in images (c), (d) and (e) possessed a non-contractile long tail and an icosahedral head, a morphology shape of the members of the family Siphoviridae (Table 2) .
Determination of phage host range
Transmission electron microscope proved the presence of two phages of different families that showed lytic activity against E. coli 10 O104: H4. So, bacteriophage cocktail was prepared and tested against the other isolates and some standard strains. Spot test for phage cocktail indicated lytic activity against both E. coli 10 O104: H4 and E. coli 5 O157: H7 and lysogenic activity against non-typeable E. coli 6 as illustrated in Figs 5-7. In addition, phage cocktail showed lytic activity against S. aureus ATCC6538 and P. aeruginosa ATCC 10145 (Fig. 8 ) but showed no activity against Pr. mirabilis. 
DISCUSSION
Bacteriophages emerged in the last decades as new antimicrobial agents showing significant activity in monitoring environment quality, biofilm control and water treatment (Raghu et al. 2012) . In 2007, ICTV classification of bacteriophages found that three families of phages can infect bacterial strains related to Enterobacteriaceae. Out of 982 different bacteriophages affecting Enterobacteriaceae, 344 phages have been related to Myoviridae, 265 phages were related to Podoviridae and 297 phages were related to Siphoviridae (Ackermann 2007) . In our study, the isolated phages were classified as one of the members of Siphoviridae and Podoviridae families showing broad host range against MDR E. coli O157: H7, E. coli O104: H4, S. aureus ATCC6538 and P. aeruginosa ATCC 10145. Using members of Siphoviridae as a biocontrol agent was shown by several studies. In a study done by Thomas, Soddell and Kurtboke (2002) , lytic phage related to the family Siphoviridae was found to act as antifoam agent in wastewater treatment in activated sludge systems (could destroy foam-producing bacteria). Carter et al. (2012) and Sharma (2013) reported a significant decrease in the bacterial counts of Salmonella enterica, E. coli O157: H7 and Listeria monocytogenes in the tested food products and on some food contact surfaces by using phages. Their results were promising for the use of phages to decrease the risk of foodborne infections by these pathogens. Using phage cocktail was designed by many researchers in order to eradicate pathogens completely, decrease the development of phage-resistant mutants and inhibit more pathogens of different species. In a study done by Dalmasso et al. (2016) , three coliphages APCEc01, APCEc02, APCEc03 were isolated from human fecal samples and were found to cause a significant decrease in the growth of E. coli. In addition, using all these phages as a cocktail resulted in a complete inhibition of E. coli growth. Another study done by Askora et al. (2015) reported the inhibitory effect of lytic bacteriophages against some enteropathogenic E. coli (O55 and O124 E. coli) and EHEC such as (O26 and O111 E. coli) isolated from raw milk, feces of dairy cattles and stool from incontact workers. T 1 -like bacteriophages vB Ecos AHP24, AHS24, AHP42 and AKS96 related to family Siphoviridae were found to show significant inhibition of E. coli O157: H7 with no effect on non-O157 E. coli suggesting their potential activity as biocontrol agents for E. coli O157: H7 (Yan et al. 2014) . The success of phage therapy for treating birds and flocks suffering from severe respiratory infections caused by E. coli was also illustrated by Oliveira, Sereno and Azeredo (2010) . Biocontrol of EHEC and STEC by myophages CA911 and podophages CA933P was also reported by Dini and de Urraza (2010) . Extended-spectrum β-lactamase producing E. coli strains were found to be susceptible to at least one commercial phage cocktail (Gundogdu, Kilic and Bolkvadze 2016) . In a study done on 41 E. coli strains isolated from patients suffering from urinary tract infection, the lytic activity of commercially existing phage cocktails was indicated by the spot test, in which complete lysis, overgrown lysis and individual plaques representing different degrees of lysis effectiveness were considered positive reactions (Sybesma et al. 2016) . Escherichia coli isolated from children suffering from diarrhea was tested for infection by T4-like phages. It was found that with a cocktail of 3 to 14 phages, a 54%-69%, 30%-53% and 24%-61% coverage was achieved against EPEC isolates from Mexico, ETEC isolates from Bangladesh and a mixture of pathotypes isolated from hospitalized children in Bangladesh, respectively (Bourdin et al. 2014) . Also, the role of T4 phages as virulent phages propagate by serial lytic infection cycles for E. coli causing diarrhea was detected, supporting the rational design of phage cocktail against E. coli diarrhea (Denou et al. 2009 ). As reported from previous findings and agreeing with that concluded from this study, phage therapy could be used for the treatment of MDR bacteria and could be used as an alternative to antibiotics in the future avoiding systemic side effects and mistargeting of beneficial normal flora in the body. The diversity of strains and narrow host range of some isolated phages encourages the use of phage cocktails that provide a promising solution to overcome MDR pathogens.
